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BASICPRINCIPLESOF DESIGN
Numerousexperimentalmethodshavebeendevelopedto investigatedrugrelease
fromvehiclesandthepercutaneousabsorptionof topicallyappliedchemicals.
Theobjectiveof thisreSearchisoftento findcorrelationbetweenlaboratory
resultsandthetransdermalbsorptionexperiencedbylivingsubjectsothatin
vivoexperimentationmaybecurtailed.In manyinstances,thediversexperi-
mentaltechniquestendtoobscureabsorption-controllingfactorsandcompli-
cateinterstudycomparisons,ratherthanclarifythecomplextransdermalbsorp-
tionprocess.Moreover,lackofagreementbetweenresultsmayoccasionallybe
ascribedtoshortcomingsin theinvitromethodologyemployed.Thebenefits
of usinganinvitrocellsystemforthepreliminarytestingofdrugpermeation
in thelaboratoryareobvious.Theenvironmentalanddiffusionvariablesmay
becontrolledinanattempttoelucidatespecificfactorsaffectingthekinetic
processesanddrugbioavailability.Investigationsarecomplexbecauseof the
multiple,interrelatedeventsunderlyingtheprocessesof drugpartitioningfrom
theappliedvehicleanddiffusionthroughtheportalsof thestratumcorneum
tothemyriadof metabolic,binding,andclearanceactivitiesinthelowerepi-
dermalanddermalstrata.
In anyinvestigationthereareseveralcontrollingvariablesthatmaybecon-
sideredandthepermutationsof thesevariablesthatareselectedfor studywill
dict~tetheresearchprotocol.Experimentsareusuallydesigned(andcellsys-
temsadopted)toformulateanswerstospecificinvestigationalquestions.For
example,experimentalprotocolmaydifferwheninvestigatinghowmolecular
structureaffectsintrinsicdiffusivitythroughamembrane,incomparisonwith
theinvestigationf formulationfactorsaffectingthereleaseof drugfroma
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dosageform. Experimentaldesignthatallowsthegreatestnumberofvariables
andvariablepermutationstobemonitoredisasensibleobjectiveatthepre-
liminaryplanningstage.Mter criticalreview,thebeneficialfeaturesof several
experimentaldesignsmaybeincorporatedintoonecomposite,whichshould
thenprovideoptimalmethodologyforthespecificprojectathand.Factorsthat
requireconsiderationwhenselectinganinvitrosysteminclude:
1.Therate-limitingprocess:drugsolubilizationordiffusionin thevehicle,
partitioningfromthevehicle,diffusionthroughthetestmembraneorpar-
titioningandremovalbythereceptorphase.
2. Theintrinsicdiffusivityof thepermeant(structure-activityrelationship)
andapparentdiffusivity.
3. Thepredominatingrouteofdiffusionduringtheexperimentandtherela-
tiveextentsofdrugbindingandmetabolismoccurringin themembrane,
delivery,andreceptorphases.
4. Theintrinsicbarrierpotentialof themembrane(if oneisused)andthe
effectsthatvehiclecomponentsmayhaveonitsretardiveproperties.Hy-
drationof themembraneandthepresenceofpenetrationenhancersmay
beimportanthere.Interspecimenvariabilitybetweenmembranesof the
sametype(especiallybiologicalmaterial)maymarkedlyinfluencexperi-
mentalresults.
A diffusioncellsystemcannotduplicatexactlytheeventsthatoccurinvivo:
theclearanceof dif~usantbythevasculatureandenzymaticmetabolismare
especiallydifficulttosimulateinvitro,asarethepharmacodynamicevents
suchascorticosteroid-inducedvasoconstriction.However,esearchershavepro-
posedthatit shouldbepossibletocorrelateinvitrodiffusionresultswithinvivo
data,provided iffusantclearancefromthedistalsurfaceof themembraneis
nottherate-limitingsteptodiffusion(Franz,1975,1978;Marzullietal.,1969).
- Investigatio~fdrugreleasefromtopicaldosageformshavebeenperformed
in systemswithoutrate-limitingmembranes(theclassicimmersedointmentjar
experiments).Drugreleasefromformulationvehicleshasalsobeeninvestigated
bysystemsincorporatingporous,retainingmembranesthatnegligiblyaffectthe
rateof drugdiffusion.Experimentationinvolvingrate-limitingmembranes
(moreapplicabletopercutaneousabsorption)generallyrequiresanagitatedbi-
chamberorflow-throughapparatus.Ineachcasetheappearanceof thedrugin
aliquidreceptorphase,ordiminutionfromthedonorphase,isanalytically
monitoredasa functionof time,andthisdataisusedtogenerater leaseorper-
meationprofUes.
DIFFUSIONSYSTEMSWITHOUT A MEMBRANE
. Diffusionsystemshavebeenusedthathavenomembranousbarriertothepas-
sageof permeant(Table 1). Typicallytheformulationis immersedin an im-
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Table1 In VitroDiffusionSystemsWithoutaSeparatingMembrane
miscible,agitatedreceptorliquidmaintainedatconstanttemperature.These
systemshavelimitedapplicabilitybecausetheylacksimilaritytoinvivopermea-
tion,oreventodiffusionthroughbarriermediainvitro.At most,theycanbe
describedasdrug-partitioningsystemsbetweentwoormoreimmisciblephases;
however,theymayprovideinformationonthereleaseofdrugfromthedonor
vehicle.Noparallelis impliedbetweenthisdrugdiffusionandthatoccurring
whenthevehicleisappliedtotheskin,althoughthismayexist.
Busse ta!.(1969)describeanimmiscibletriphasicsolventsystemusedto
representthetopicalabsorptionof corticosteroidesters.Thesystemcomprised
anupperliquidparaff'm/hydrogenatedlanolinlayercontainingbetamethasone
17-valerate(donor),ahydroalcoholiclayer(representingtheskin),andalower
chloroformlayer(sink).A triple-bladepaddlestirredthesystemgentlyover
severaldaysof experimentation,avoidingmixingof thephases,andthechloro-
formlayerwasassayedfordrugcontentbythin-layerchromatography(TLC).
Althoughbasicindesigntheauthorsdemonstratedthatdrugpartitioningwas
greaterfromthevehiclecontaininglanolinthanfromthedonorphasewithout
thissolubilizer.
Researchershavepackedtopicalformulationsintojarsordishesthathave
beeninvertedor immersedintoliquidreceptorphases.Generally,theimmisci.
bilityof thephasesenablesthesexperimentstobeperformedwithoutamem-
Author Description Receptor Diffusant
Busse(1969) Agitatedtriphasicsystem Chloroform Betamethasone
Di Colo (1986) Immersedjar for gels Water(acidified) Benzocaine
Chowan(1975) Immersedjars(floated) Water Corticoids
Ong(1988) Immersedjars Propylenecarbonate Lonapalene
Poulson(1968,
1970) Petri dishesfPGgels Isopropylmyristate Fluocinolone
Haleblian(1977) Petri dishes/PGgels Isopropylmyristate Fluocinolone
Katz (1972) Petri dishes/PGgels Isopropylmyristate Fluocinolone
Rosvold(1982) Petri dishes/PGgels Isopropylmyristate FluocinolOne
Amundsen(1981) Petri dish/gels(stirred) Isopropylmyristate Betamethasone
Dempski(1969) Petri dish/gelledIPM Water Dexamethasone
Behme(1982) Immersedsieve/cream Water Estradiol
Won Jun (1986) Agarplatewithrecess Agar Sulfonamides
Mazzo(1986) Transdermaldevice Water Scopolamine
PG,polyethyleneglycol;IPM,isopropylmyristate.
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branesequesteringthedonorformulation.Therateof appearanceof diffusant
in thereceptorphasecan,therefore,bedirectlyattributedto thephysico-
chemicalreleasecharacteristicsof thevehicle.
Di Coloandco-workers(1986)haveusedthistechniquetoinvestigatehe
effectof surfactantsonthereleaseofbenzocainefromgelsystems.Chowanand
Pritchard(1975)appliedointmentbases,containingsuspendedcortico~eroids,
to thebasesofTeflondishesthatwerefloatedonaqueousreceptorfluidto in-
vestigatedrugreleasefromtheformulations.OngandManoukian(1988)have
recentlyusedasimilarsystemtoevaluatelonapalener leasefromointmentsto
propylenecarbonatereceptor.
Poulsenandco-workers(Haleblianetal.,1977;KatzandPoulson,1972;
Poulson,1970;Poulsonetal.,1968)andRosvoldetal.(1982)haveusedpetri
dishescontainingformulation,submergedinisopropylmyristate,to investigate
thereleaseof radiolabeledfluocinoloneacetonidefrompropyleneglycolgels.
Similarly,Amundsenetal.(1981)haveusedtl1}.ssystemfordeterminingbeta-
methasone17-valerater leasefromgels.Theresearchersu edalargestirring
bladepositionedabovethesurfaceof thegeltonUxthebulkfluidand,com-
mendably,calibratedthedrugreleaseratetostirringspeedsothattheirex-
perimentscouldbeconductedatanoptimalagitationrate.
FilledpetridisheswerealsousedbyDempskiandco-workers(1969)to in-
vestigatedexamethasonereleasefromgelledisopropylmyristateintoanaqueous
receptorphase.Theyconcludedthatdrugrelease,asmeasuredbytheseinvitro
systems,isafunctionof therelativedrugsolubilityin thebaseandin therecep-
tormedium.
Behmetal.(1982)reporthattheirattemptsomeasurestradiolrelease
fromacreamyieldedhighervalueswhentheformulationwascontainedby
celluloseorfdtermembranes,thanwhenimmersedin thereceptorsolvent
withoutacoveringmedium.However,theynotethatin thelattersituation
-the creamswelledappreciablyandsloughedintothefluid. Theseproblems
promptedthedevelopmentofanovelmethodtocontainthecream:spread
intotheintersticesofan80-meshstainless-steelsi ve.Thescreen,containing
aweighedamountof formulation,wasimmersedintogentlystirredwater,
therebyexposingalargesurfaceareaof creamtothereceptorphase.
A novelmethodisreportedbyWonJun andBayoumi(1986),whopunched
cylindricalholesintogelledagarplatesandfilledthesewiththedosageforms
understudy.Theextentofdrugdiffusionintothemediumwasassessedbydis-
solvingtheagarinwaterandanalyzingthesolutionbyhigh-performanceliquid
chromatography(HPLC);however,nomentionismadeof thetreatmentused
to removeresidualformulationfromthedonorhole.Theyreportalinearcor-
relationbetweentheamountofdrugreleasedandlogarithmictimeandconclude
thatthedrugsolubilityin thebaseandthepartitioncoefficientbetweenbase
andmediumarethemajordeterminantsof thereleaseprofdes.
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Generally,thesesystemshavebeenemployedonlywhenthedonorvehicle
andreceptorphaseareimmiscible,therebypreventingphasehomogenization.
Thelackof retainingmembranewouldprecludetheuseof thisapparatusfor
examiningdrugreleasefromsolutionorlotiondosageforms.Althoughthese
exp'erimentsmayprovidedataondrugpartitioningfromthedeliveryvehicle,
thesesystemsdonotparallelthepartitioningthatoccursfromavehicleto the
skinorthesubsequentpercutaneousdiffusionand,thus,theirusefulnessi
limited.
DIFFUSION CELLS WITHOUT A RATE-LIMITING MEMBRANE
Diffusioncellswithoutarate-limitingmembranearegenerallydesignedto inves-
tigatethecharacteristicsof drugreleasefromtopicalformulations,ratherthan-
transmembranediffusion.Typicallythedonorvehicleis retainedwithinanopen
glassjarorpetridishbycelluloseorsimilarporousmembranethatwillprevent
dispersionof theformulationintothereceptorphasebutwillnegligiblyinflu-
encethemovementof drugmoleculesintotheliquid(Table2). In thissitua-
tion,themassof drugreleasedfromtheformulationisproportionaltothe
squarerootof thetime,providedthemembraneisinnowayratelimitingand
lessthan60%of thetotalamountofdruginitiallypresentin thevehiclehas
beenreleased(BeastalletaI.,1986;Hadgraft,1979;Higuchi,1967).Asmole-
culespartitionfromtheformulationi tothereceptor,theremainingdrugin the
matrixmustreequilibrateintothenewvolume,therebydecreasingtheconcen-
trationin thevehicle.Drugrelease,therefore,commencesoncontactof the
vehiclewiththereceptorphase,andtheratedecreasescontinuouslywithtime.
Theabsenceof observedlagtimesin theresultantpermeationprofileimplies
thattherearenosignificantdiffusion-controllingstepsmediatedbythesepa-
ratingmedium;releasecharacteristicsnthesestudiesaregovernedalmosten-
tirelybythedonorformulation.Thesetestsmaybevaluableinelucidating
occurrencessuchasdrugsolubilizationwithintheformulationandthepotential
of themoleculestopartitionintothereceptorsolvent,buttheyhavelimited
applicabilitytoestimatingthecomplexprocessofpercutaneousabsorption.
Modifiedointmentjarshavebeenusedextensivelyasdonorformualtion
containers(AshtonandHadgraft,1986;BillupsandPatel,1970;GilbertetaI.,
1986).Thejars,filledwiththetestformulation,havemembranessecuredover
theirmouthsandareinvertedorsubmergedinthereceptorfluid. Although
severalliquidshavebeenusedasreceptormedia,aqueoussystemsmaybe
nonidealforrelativelywater-insolubledrugs(TurakkaetaI.,1984).Ayres
andLaskar(1974)usedsuchasystemtoinvestigatehereleaseofbenzocaine
fromointmentbases.Theformulationswerepackedintoglasscontainers,
coveredwithhydratedcellulosemembrane,andinvertedinaqueousreceptor
phasebut,remarkably,thelatterwasnotagitated.Thisexperimentdemon-
Author
Table2 In VitroDiffusionSystemsWithoutaRate-LimitingMembrane
Description
~
.....
0
Receptor Diffusant
Busse(1969)
Billips (1970)
Ashton(1986)
Gilbert(1986)
Turakka(1984,1985)
Ayres(1974)
Kazmi (1984)
Parikh(1986)
Muktadir(1986)
Mazzo(I 986)
Malone(1974)
Polyethylenecups/filterpaper
Immersedjar/cellophane
Immersedjar/cellophane
Immersedjar/Cellgard-IPM
Immersedjar/polycarbonate
Immersedjar/cellulose
Immersedjar/cellulose
Immersedjar/cellulose
Plasticjar/semipermeablemembrane
Transdermalaevice/cellulose
Teflon chamber/filterpaper
IPM
Water
Water
Water
Propyleneglycol
Water
Water
Water
Betamethasone
Salicylicacid
Nicotinates
Benzoates
Hydrocortisone
Sorbicacid
Indomethacin
Testosterone
Ibuprofen
Scopolamine
Flucloronide
Buffer
Water
Water
VI
3
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stratedthatdrugreleaseratesvariedgreatly,dependentonthecharacterof the
ointmentanddrugconcentration,butit alsoservedtoexemplifythefollowing
limitationsof thisapparatus.Thecontainingmembraneisnondiscriminatory
in itsbarrierproperties,andabidirectionaldiffusionof thecomponentsof both
chamberswasexperienced.Severalformulationconstituents,suchaspolyethy-
leneglycol,weredetectedin thereceptorfluid,whereasthemovementofwater
intothedonorchamber,anditsinteractiononthedonorsideof themembrane,
resultedin theprecipitationof thedrugbecauseof itslowwatersolubility.
A similar,agitatedsystemhasbeenreportedbyEzzedeenetal.(1986)for
assessingthereleaseof sorbicacidfromointmentbases.They,too,reportleach-
ingof formulationconstituentsintothereceptorphaseanddissolutionof the
vehicleonthedonorsideof themembrane.Theresearchlimitationsofnondis-
criminatingmembranesin thistypeofdiffusioncellareevident.Fromtheir
studiesTurakkaetal.(1984,1985)concludedthatthewatercontentof the -
donorvehicleappearstobethemostimportantfactoraffectinghydrocortisone
releaseintopropyleneglycolreceptorphase.In theirinvitrosystemthiscorti-
costeroidwasnotreleasedfromanhydrousdosageforms,andthereleaseof
hydrocortisoneacetatewaslessthanthatof theparentalcohol.
Immersedointmentjarsandcellulosemembraneshavealsobeenusedto in-
vestigatethereleaseof indomethacin(KazmietaI.,1984)andtestosterone
(Parikhetal.,1986)fromointmentbasestoaqueousreceptorphases.Muktadir
etal.(1986)usedplasticjarscoveredwithsemipermeablem mbraneandin-
vertedinstirredphosphatebuffertodeterminethereleaseof ibuprofenfrom
ointmentbases.Theshortcomingsof thismethodologyareapparentintheir
resultsobtainedfromtheadditionof knowninvivopenetrationenhancersto
theointmentbases.Thisadditiongeneratedlittleornoimprovementi drug
releaseinvitro.Thisisprobablybecausetheointmentreleasedthedrug,in the
absenceof arate-limitingbarrier,asfastasintraformulationdiffusionwouldal-
lowreplenishmentof drugatthereceptorinterface.Ointmentadditiveswould'
notnecessarilyimprovethisdiffusion,unlesstheymodifiedviscosity,forex-
ample,andwouldnot,therefore,showanyenhancementi heinvitrorelease
profile.Ontheotherhand,it isfeasiblethatimprovedrugpermeationi the
presenceof enhancersmaybedemonstratedbyincorporatingarate-limitingbar-
riertodiffusion,suchasexcisedskin.
Mazzoetal.(1986)comparedthreemethodsforassessingdrugreleasefroma
transdermaldevice.Twoof themethodsrequiremodifiedsoliddosageform
dissolution/disintegrationapparatus,andthethirdusesadiffusioncellwithout
amembrane.Cellulosemembranewasusedtoanchorthedevicetothedisin-
tegrationapparatusandseparatetheformerfromthereceptorphase.Thediffu-
sioncellusedwasof cylindricaldesign,mountedhorizontallywithavertical
samplingport,andthedevicewasattachedirectlytotheopenendof the
cylinder.Agitationof thereceptorcellcontents,ofdubiousefficacy,was
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effectedbyamagneticstirrerbarpositionedmidwaybetweendeviceandsampl-
ingport. Thesteady-statefluxratesobtainedfromthediffusioncellwereap-
proximately25%lowerthanthosefromthetwosetsof dissolutionapparatus,
andtheauthorscommentedthatthismaybeduetounstirrediffusionboundary
layersatthedevicesurface.Thesemethodspertainmainlyto theassessmentof
drugreleaseandqualitycontrolofmarketedtransdermaldevices.
An interestingvariationispresentedbyBussetal.(1969),whosoakedf:tlter
paperinisopropylmyristate(representingtheskin)ontowhichointment-filled
polythenecupswereinverted.Mterseveraldaysincubation,aconcentricsec-
tionof thef:tlterpapersurroundingthecupwascut,thesolventextracted,and
thecorticosteroidcontentassessedbyTLC. Maloneandco-workers(1974)have
alsousedf:tlterpapertocontainointmentformulationswithinTeflonchambers
thatwereinvertedinaqueousreceptorphase.
Thesemethodswithoutarate-limitingmembraneare,therefore,usefulas
screeningtoolsfordrugreleaseorfordetecting~rug-vehicleinteractions,but
thelimitationsresultingfromintimatecontactof donorandreceptorvehicles
andtheaselectivityof themembranemakesextrapolationof resultsto invivo
drugabsorptionunreliable.Thelimitationsof themethodologyarealsoexemp-
lifiedbythefactthatmostof thepublicationsconcernthereleaseofmolecules
fromviscous,lipophilic,ointmentbasesthatareessentiallyimmisciblewith
aqueousreceptorphases;littleworkhasbeenattemptedusingcream,lotion,
orsolutiondonorvehicles.Furthermore,Hadgraft(1985)haswarnedthatspu-
riousresultsmaybeobtainedusingthismethodologyif aqueousformulations
(suchasgels)aretested,duetowaterabsorptionbythedosageform.This
methodologydoesnot,therefore,appearversatilein itsspectrumof applica-
bility.
DIFFUSIONCELLS INCORPORATINGA RATE-LIMITINGMEMBRANE
To obtainacloserapproximationof thecomplexitiesof transdermaldrugab-
sorption,someformof rate-limitingbarriertodiffusionshouldbeincludedin the
cellapparatus(Table3). Themovementofmoleculesfromthedeliveryvehicle
will thenbegovernedbythevehicle-membranepartitioncoefficient,herate
atwhichpartitionedmoleculesdiffusefromtheinterfacethroughthemem-
branematrix,andtherateofmoleculeremovalfromthedistalmembranesur-
face.
Severaldiffusioncelldesignshavebeendescribed,eachhavingfeaturesthat,
reportedly,overcomecertainexperimentallimitationsof inferiordesigns.
Certainfeaturesarecommontomanyof thedesigns:twochambers,onecon-
tainingthedrugdonorvehicleandtheothercontainingagitatedreceptorsol-
vent,separatedbyadiffusionrate-limitingmembrane.In manyinstanceshori-
zontallymountedcylindershavebeenusedforthehalf-cellswiththemembrane
Table3 Steady-StateDiffusionSystemswith aRate-LimitingMembrane
Author Description Receptor Diffusant ::S<
Stehle(1972) Flasks/filterdisks Buffer Pyridines
;:;'...0
Valia(1984a,b) r;'bichambers/skin Water Estradiol Cj::s-
1\1
Chien(1984) L-bichambers/skin Water Estradiol 3
cr
Southwell(1984) Bichamber/skin Water Various ...
Broberg(1982) Recessedplate/silicone Isopropylmyristate Lidocaine
1;1
<II
Julian (1986) Immersedjar/cellulosesilastic Agitatedwater Benzoates/
oa'::s
hydrocortisone
Bottari(1974) Recessedplate/silicone Water Salicylicacid
Barry(1976;1977) Bichambercell/cellulose Water Corticoids
Garrett(1968) T cell+gas/silastic Buffer Phenones
Lovering(1974) T cell(agitated)/silicone Buffer Chlordiazepoxide
Foreman(1976) Flow-through/cadaverskin Ethanolicsolution Nandrolone
Astley(1976) Flow-through(agitated)/skin Buffer Tritium
Wurster(1979) Flasks(shaken)/skin Heptane Sarin
Durrheim(1980) Bichambercell/mouseskin Saline Alkanols
Harper-Ballantone(1986) Bichambercell/mouseskin Water Benzoates
Nakano(1970) Bi- andtrichamber/silicone Water Salicylicacid
Touitou(1985a,b;1986) Bicylinders/cellulose,silicone Water Benzoicacid
Galey(1976) Bichamber/skin Buffer Various
Flynn (1971) Bichamber(stirred)/silicone Water Phenone
Tojo (1985a,c,d) L-bichamber/silicone Water Corticoids
Ghannam(1986) L-bichamber/silicone Water \ Corticoids
.j::o.
"-J
UJ
Liu (1986) L-bichamber/silicone Water Nortestosterone
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clampedbetweenthesechambers.Generally,homogeneousmixingof thefluid
withinthesecylindersi difficulttoachieve.Barmagnetswillcausefluidmixing
in theimmediatevicinityof thestirrerbarbutwillnotgenerateextensivelateral
fluidmovementwithinthecylinders.Theproblemof adequatethermalcontrol
hasbeenaddresseditherbytotalimmersionof theassembledcellorbyindivi-
dualwaterjacketsenclQsingeachchamber.In many,themembraneflangeisnot
heatedandthismaycausetemperaturegradientsbetweenthemembranesurface
andthebulkchamberfluid,especiallyin thepresenceof poorfluidagitation.
Onreviewof thediffusioncelldesigns,oneemphasisclear:theentirecon-
tentsofeachfluid-filledcellmustbeadequatelyagitatedtopreventthedevelop-
mentof localizedconcentrationsofdrugandtheagitationmustalsobesuffi-
cientlyvigoroustominimizethediffusionboundarylayersatthemembrane
interface(therebymaintainingsinkconditions,asfaraspossible).Theexistence
of relativelylarge,staticdiffusionboundarylayersatthemembranesurfaces
provideadditionalresistancetothepassageof the'permeatingdrug.Occasion-
ally,themagnitudeof thisresistancemayapproachthatof themembrane
throughwhichthediffusanthaspassed.Theimportanceof adequateagitation
ontheresultsobtainedfrominvitrodiffusionexperimentshasbeenshownby
LoveringandBlack(1974)andbyotherworkers(StehleandHiguchi,1972).
Theyconcludedthatasreceptorphaseagitationi creases,thethicknessof the
unstirredboundarydiffusionlayerdecreases,anddrugpermeationrateincreases.
Moreover,if stirringincreasessufficiently,therateofpermeationis insignifi-
cantlyinfluencedbytherelativelythindiffusionlayers,providingoptimalper-
meationmonitoringconditions.It isassumedthatthediffusionboundarylayers
in thedermalcapillaryvesselsarenegligiblysmalland,therefore,donotmake
asubstantialcontributionto thepermeationresistanceinvivo.Occasionally,
theexistenceof thediffusionboundarylayerisacknowledgedbyresearchersbut
isignoredincomparativeworkbecauseof itsuniformitythroughouttheexperi-
-mentation(AckermannandFlynn,1987;AckermannetaI.,1985,1987;Sato
andWanKim,1984),orisassumedtobenegligible(BottarietaI.,1977).This
isacceptableprovidedit isrememberedthatcalculationof thediffusioncoeffi-
cientwill includethecontributionbytheboundarylayerbarrierand,thereby,
yieldonlyanapparentdiffusioncoefficient.In othercases,failuretocalibrate
thediffusioncellsfordiffusionlayerthicknesswillproduceunreliableresults.
Severalsolventshavebeenemployedforthedonorandreceptorvehiclesof
invitropermeationsystems.Mostuseaqueousmedia,presumablybecause
theassayofdrugsinaqueoussolutionisfacile;however,diffusantsof lowwater
solubilitymaynotpartitionreadilyfromdeliveryvehiclesor fromthereceptor
surfaceof themembraneintotheaqueousphase,therebyretardingfurtherdif-
fusion.BronaughandStewart(1984)havecitedthisasareasonforthemis-
leadingresultsobservedinsomestandardiffusioncelltechniquesandfordis-
crepanciesbetweeni vivoandinvitroresults.Diffusantsthatmaynotparti-
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tionintoaqueousreceptorphasesinvitromaybesufficientlysolubleinbiologi-
calfluidsinvivotomaintainadequatevascularclearanceand,thereby,sinkdif-
fusionconditions.Theseauthorscautionthatcompoundshavinganaqueous
solubilityof 10mg' L-1 or lessmaydemonstratelimitedinvitropartitioning
intohydrousreceptorenvironments.
Severalinstancesarereportedinwhichlimitedsolubilityof thediffusantin
thereceptorphasehasproducedanomalouspermeationresults,andenhance-
mentof solubilityor increasedlipophilicityof thereceptorphasehasimproved
partitioningof diffusantfromthemembrane(RileyandKemppaInen,1985).
Scottetal.(1986)reportedthatestradiolandtestosteronew reinsufficiently
solubleinsalinesolutiontomaintainadequatesinkconditions,andtheyused
50%ethanolsolutionasareceptormedium.ValiaandChien(1984a)have
shownthatthemeasuredskinpermeationofestradiolincreasesa thepercentage
of polyethyleneglycolin theaqueousreceptorphaseincreases.Franz(1975)
reportedthatheomittedhighlylipophilic ompoundsfromhisaqueousinvitro
experimentstoavoidinsolubilityproblems.BronaughandStewart(1984)sug-
gesthatsimplyusingareceptorsolventthatwillsolubilizethediffusantand
notdamagethemembraneisinadequate;theymaintainthattheestablishment
ofgreateroveralllipidsolubilityin thereceptorphaseisnecessarytocompete
withthelipophilicpropertiesof theskin.Theseresearcherssubstitutedrabbit
serum,dilutionsof serumalbumin,organicsolvents,andsurfactantsolutions
forsalinereceptorphasein anattempttomoreaccuratelymeasurethepermea-
tionof sparinglywater-solublecompoundsthatdemonstratedminimaldiffusion
intotheaqueousolvent.
In contrast,heprospectivediffusantmaybesosolubleinthedonorsolvent
thatithaslittleaff'1nityforthemembraneandreluctantlypartitionsintoit. The
fluxratesmeasuredby invitrotechniquesare,therefore,dependentonthesolu-
bilityof thediffusantin theliquidphasesemployedand,thereby,thepartition
coeff'1cientsthatareineffect.In addition,thesusceptibilityof aqueousmedia
tomicrobialcontaminationandthepotentialforaqueousdegradationf the
diffusantmaymakethechoiceof anonaqueoussolventfordonorandreceptor
vehiclefairlyappropriate.Thequestionofhydrationshouldalsobeaddressed
whenmembranesareimmersedforprolongedperiodsinaqueousvehicles.The
fullyhydratedstratumcorneumis,generally,morepermeabletomanydiffusing
species,andthismayyieldanomalousresultsif aqueousdonorandreceptor
phasesareused.Sloanandco-workers(1986)reportedthatcontactof full-
thicknesshairlessmouseskinwithphosphatebufferfor120h didnotsignifi-
cantlyaffecthepermeationratesof theophylline.Southwellandco-workers
(1984)reportedinsignillcantincreasesin thepenetrationofcaffeinethrough
hydratedhumanskincomparedwithdryskinmaintainedundercontrolledcon-
ditions,althoughmorerecently(SouthwellandBarry:1984),theyreportedthat
thediffusioncoefficientsof aspirinandcaffeineincreasedwithskinhydration.
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Thus,theeffecthathydrationmayhaveonpermeationappearstovary,depen-
dentonthedrugandmembraneunderinvestigation.
Ontheotherhand,theuseofcosolubilizersmustinnowayaffectthebio-
chemicalcompositionof thebarriermembrane.Surfactantsaddedtoaqueous
receptorphasesmayhaveindependentpenetration-enhancingeffectsonbiologi-
calmedia.BronaughandStewart(1984)demonstratedthatpolyethyleneglycol
20oleyletherhasnegligibleeffectoncertainbiologicalmembranes,althoughen-
b,ancingpermeantsolubilityin thereceptorphase.Presently,thissurfactant
appearstobethemostinnocuoussolubilitymodifierforusein laboratoryper,
meationsystems;however,itsusefulnessmaybesurpassedasfurtherinvestiga-
tionsareconducted.
Similarly,alcoholicornonpolarorganicsolventsmustnotdenaturethemem-
branebarrier.Sloanetal.(1986)reporthata3-minwashofhairlessmouse
skinwithmethanolhadonlyamarginaleffectonthefluxof theophylline.In
contrast,BondandBarry(1988)reporta16-foldincreasein thepermeability
ofhairlessmouseskinandnoincreasein thepermeabilityof humanskinafter
acetonetreatment.BronaughandStewart(1984)observedthatmethanolicand
ethanolicreceptorsolventsdamagedfull-thicknessratskininvitroasassessedby
theincreasesincortisonefluxrates.
Bearingthesepointsinmind,anonviscous,lipophilicfluidmayappearuseful
asachoiceforreceptormedium.Thebipolarcharacterof isopropylmyristate
makesit agoodsolventformostof thepermeantsinvestigatedin transdermal
diffusionstudies,anditsnonaqueousnaturewillnotsupporthydrolysis-medi-
atedmolecularrearrangementorcleavager actions.In addition,thecombina-
tionofhydrophilicandlipophilicharacteristicstendtosimulatethepolarand
nonpolarcharacteristicsof theskin,therebymorecloselysimulatingtheinvivo
diffusionenvironment(BrobergetaI.,1982;PoulsonetaI.,1968).However,
thepossibledeleteriouseffectsofalipophilicsolventonthebarrierproperties
- ofbiologicalmembranesmustnotbeignored.Lipidreceptorphasesmustinter-
actwiththebiochemicalconstitutentsofthemembrane,by actingasasolvent
forthebiogeniclipids,forexample,andthiswillalterthepermeabilitycharac-
teristicsof theskin.Asthelipophilicityof thereceptorphaseincreases(i.e.,
thecloseritsbiochemicalcompositiontothatof theskin),thepossibilityfor
extractionof lipophilic omponentsfromthemembraneincreases(Bronaugh
andStewart,1984).Sloanetal.(1986)andWaranisetal.(1987)proposethat
pretreatmentofhairlessmouseskinwithisopropylmyristateincreasestheflux
of subsequentlyappliedtheophyllineinpropyleneglycol.Notwithstanding
theseobservations,i opropylmyristatepresentsahighlyfavorablemediumof
biphasicnatureforpermeantpartitioningandhas,consequently,beenusedin
laboratorypermeationexperiments.
In attemptingtominimizetheexperimentalvariablesasmuchaspossible,
it maybeprudentoavoiduseofcosolubilizersororganicompounds,when-
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everpossible.Generally,deviationfromanisotonicreceptormediumwillmod-
ify thebarrierpropertiesof biologicalmembranes,andthismodificationmustbe
borneinmind.Alternatively,thealterationof thebarriermayposelittlecon-
cern,dependentonthespecificgoalsof theresearch.
CELLS FOR DETERMININGSTEADY.STATEFLUX
Celldesignsfordeterminingsteady-statefluxusuallycomprisetwosimilar
chambers,containingpermeantin solutionandreceptorsolvent,respectively,
separatedbythetestmembrane(Ackermannetal.,1985;Langguthetal.,1986a;
MichaelsetaI.,1975;MorimotoetaI.,1986;Washitakeetal.,1980).Thecon.
tentsofbothcellsareadequatelyagitatedtoensurethoroughdispersionofdrug
molecules.Thedonorvehicleisassumedtoexposethemembranetoaconstant-
concentrationof thedrug,andthereceptorphaseisassumedtomaintainsink
clearanceconditionsforthepermeant.Barry(1983)hasreportedthatadeple-
tionof donorphaseor increasein receptorphaseconcentrationnotexceeding
10%doesnotsignificantlyviolatezero-orderfluxconditionsordeviatefrom
theinitialthermodynamicdrivingforcefordiffusion;thisrestrictionisnotvio-
latedbymostcellsystems.Thesecellconfigurations,measuringsolutiontosol-
ventpermeation,areusefulforassessingtheintrinsicdiffusivityofamolecule
throughthemembraneortheeffectofpartitioncoefficient,pH,orboundary
layersondiffusion.If donorandreceptorsolventsareidentical,thesexperi-
mentshouldindicatethetendencyof thedrugtodiffusethroughthemedium
intheabsenceof anyfactorsthatmayenhancepermeation,andtheymayform
theinitial"control"basisforthestudyof possiblenhancingfactors.
In manyin-stances,themethodof fluidagitationhasdictatedthevariations
incelldesign.An earlybichambersystem(Bettley,1961)rotatedaboutanaxis
in theplaneof themembrane,forcinganairbubbleineachchambertoflow
throughthefluid,generatingmixingofdubiousefficacy.Themechanicsof
thisdesignseemoverlycomplexin thelightofmorerecentlydevelopedsystems.
JulianandZentner(1986)usedamodifiedesignof theimmersedointmentjar
incorporatingtwomagneticstirrerbars,oneinthebulkreceptorsolutionand
onerestingonthe,donorsurfaceof thehorizontalmembrane.Thismethodof
agitationmaybepossiblewithrelativelystrongmembranes,butitprobably
wouldnotsuitadelicatebiologicalmedium.Thisdesignalsoallowedimmersion
of anultrasonicprobeintothedonorchamberforinvestigationfultrasound.
mediatedeffectsonpermeation.
A sophisticateddonorchamberisdescribedbyBottariandco-workers(1974)
forthestudyof concentrationi fluencesonthediffusionofsalicylicacidfrom
ointmentbases.Theyusedarecessed,stainless-steelplate,containingthefor-
mulation,coveredbyhydratedsiliconemembraneheldinplacebyasteelring
andboltassembly.Thefilled,assembledcellwasimmersedintostirredreceptor
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mediumandthereleaseof drugmonitoredspectrophotometrically. Commend-
ably,theauthorsalkalinizedthereceptormediumsothatthefluidpresenteda
favorablenvironmentfordiffusionof theacidand,togetherwithfrequentre-
placementof themedium,sinkconditionsweremaintained.Furthermore;the
authorsconductedblankdiffusionrunswithbasescontainingnodiffusanto
ensurethatpermeatingformulationconstituentswouldnotinterferewiththe
assayprocedure.Theyfoundthatthestainlesssteelcellreleasedchemicalsinto
theacidicreceptorfluidandanimprovedesign(BottarietaI.,1977)wascon-
structedofpolymethylmethacrylate.Thesearesafeguardsthatotherresearch-
ershaveoverlooked.Thesiliconemembraneusedhereinfluencestherateof
drugdiffusion,tosomextent,andtheresultsindicatedadefinitelagtimebe-
foretheappearanceofdruginthereceptorfluid. Lagtimeswerealsoobserved
byBrobergetai.(1982)whenusingsiliconemembraneinasimilarapparatus
butwerenotobservedwhenreleaseofmedicamentwasmonitoredin theab-
senceof themembrane.
Comparativelylargevolume,largediffusionarea,cubiccellshavebeen
moldedfromPerspexblocks(BarryandBrace,1977;BarryandEI Eini,1976;
PatelandFoss,1964)orLucite(CorriganetaI.,1980).Thecellhalvesecur-
ingthemembranewereclampedtogether,andagitationwasgeneratedbyTef-
lon-coatedbarmagnetsorimmersiblestirringunits.Stopperedsamplingports
allowedaliquotsofreceptorsolutiontoberemovedatsuitableintervalswith
solventreplacement.Althoughthesecellsof largediffusionareaallowrela-
tivelyhighpermeantconcentrationstodevelopin thereceptorphase,theyare
usefulonlyfortestingmembranesthatareincopioussupply;obtainingintact
sheetsofexcisedbiologicalmembranes veralcentimetersindiameterisafairly
difficultprocedure.
SeveralresearchershaveusedaninvertedT-shapedcellwiththemembrane
coveringbothhorizontalends(WashitakietaI.,1980)orhaveusedidentical
-L-shapedchambersclampedtogethertoresembleaV-tube(Dyeretal.,1979).
DonorsolutionisfilledintotheT-cell,andthewholesystemisimmersedin the
receptormedium.Adequatefluidmixingin thearmsof thecellwouldappear
toposeaproblemforthisdesign:recyclingthefluidfromareservoirsone
methodofagitationthathasbeenused,andmixingmayfurtherbeenhanced
bybubblinganinertgasthroughthesolution(GarrettandChemburker,1968).
However,variabilityamongrepetitiveexperimentswasreportedtobegreater
whennitrogenpurgingof thefluidwasemployed.If it isassumedthatgas
purgingwouldonlyimproveturbulenceandmixingwithinthecell,thenit
mustbeconcludedthatrecyclingof theT-shapedcellcontentsalonedoesnot
generateadequatemixinganddoesnotmaintainaconstantdonorconcentra-
tionatthemembranesurfaces.Evaporationof thereceptorsolventfromthe
wide-mouthedcellsmustalsobepreventedwiththisapparatus.
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Notingtheseshortcomings,Loveringandco-workers(1974)incorporatedan
internalmeansof agitationwithintheT-cell.Theseauthorsomitfactorsof dif-
fusionboundarylayerthicknessanddrugpartitioncoefficientfromtheircalcu-
lationsof thedrugpermeabilitycoefficientonthebasisthatthearithmetic
productof theseparametersisnegligiblewhenthepermeationrateisnotlimited
bydiffusionboundarylayers.However,theyassumedfromtheirdatathatthe
boundarylayerswerenegligiblysmallandnovalidatingexperimentswerecon-
ducted.Thedangersofmakingassumptionsconcerningboundarylayerinflu-
encewithoutadequatecalibrationdataforthecellsystemisobvious.Thisis
especiallyimportantwhen,asinthiscase,thecellsareofelaboratedesignwith
severa1linkagesandincludeagitationofunprovenefficacy.
Flow-throughcellsinwhichthecontentsofbothdonorandreceptorcham-
bersarecontinuouslyreplacedwithfreshsolventhavebeeneffectivelyemployed
in thisresearch(ForemanandKelly,1976).Thistechniqueobviouslyrequires
alargereservoirof receptorfluidwithwhichthemembranemaybebathedover
thecourseof theexperimentand,therefore,themethodofanalysisforthe
diluteeluentsolutionmustbeappropriatelysensitive.Inmanyinstancesthe
fluidinletineachchamberisdirectedonto thesurfaceof themembrane;how-
ever,thismaygeneratesomestrainonthemedium.Delicatetissuesprecludethe
useof largeflowratesbecauseof theextensivehydrodynamicpressurethatmay
begeneratedand,thus,it isdoubtfulthatregionsofthecelldistantfromthe
inletor outletaperturesarethoroughlymixedonfluidperfusion.A combina-
tionofmagneticallystirreddonorchamberandflow-throughreceptorchamber
hasbeenusedbyAstleyandLevine(1976).Thereceptorfluidinleto(thecell
waspositionedatthecenterof themembranewitheluentcollectedfromits
periphery.Thereby,theauthorsclaim,efficientelutionof thepenetrantfrom
thewholesurfaceof themembranewasensured.
BichamberSteady-StateCells
MostcellsJordeterminingsteady-statefluxreportedintheliteratureconsist
of twochambers,usuallyconstructedofglass,separatedbyamembrane-fasten-
ingdevice(Langguth,1986b). ThesechambersmaysimplybetwoErlenmeyer
flasksthathavebeenmodifiedto supportamembraneb tweenconnectingports
oneachvessel(ShenoudandMattocks,1967;GoldbergandHiguchi,1968).The
flasksmaybeimmersedin aconstanttemperaturewaterbathandindependently
agitatedwithamagneticstirrer;however,thefluid-mixingefficiencyatthe
membraneinterfaceappearstobequestionableinmostof thesemodifiedflask
designs.StehleandHiguchi(1972)usedmodifiedconicalflaskswithground-
glassprojectionsthatfit intoamachined,Teflonmembraneholder,thehalves
beingheldtogetherbynut-and-boltfastenersthroughbrasscollarsthatprevent
deformationof theTeflon(Fig. lc). Thecellswereindependentlyheatedbya
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Figure1 Diffusioncelldesigns,adaptedfromWursteret aI., 1979;Harper
Bellantoneet aI., 1986;Flynn andSmith,1971,respectively.
waterja:cket,leavingthemembraneholderexposedtoambientconditions.
Thisappearstopresentatemperaturegradientproblembetweenthebulkcell
contentsandthefluidjuxtaposedtothemembr~e,asit isnotcertainhow
efficientlythebarstirringwithinthebulkchamberswill replacefluidatthe
membraneinterfacethroughthehorizontalprojectiontubes.
A similarcelldesign,withpresumablyinferiorhydrodynamics,i thatpro-
posedbyWursteretal.(1979)thathasnointernalmeansof agitationbutis
shakengentlyin theplaceof themembrane(seeFig. la). Here,also,themem-
braneisoffsetfromthecellchambersbyhorizontaltubes,andthemembrane
areafordiffusionisrelativelysmallincomparisonwiththediameterof these
tubes.Thewholeassemblyisimmersedin awaterbathand,thus,temprature
gradientsarenotexpectedtoposeaproblem,butboundarydiffusionlayers
inthissystemareassumedtobeextensive.Themembraneisheldinposition
byacomplexslidemechanismthatisinsertedintotheconnectorchassis.The
replacementofonechamberwithaspeciallydesignedapertureallowedtheap-
plicationofgelorgasto thedonorsideof themembrane.Forrapidlydiffusing
-compounds( arininthiscase),thesmalldiffusionareaandlimitedmixingof
thereceptorfluidareoffsetbytherapidlyincreasingconcentrationi the
heptanereceptorsolvent.Thiscellsystem,therefore,appearsadequatefor
compoundsthatdiffuserapidlythroughthemembrane;however,it ispostu-
latedthatthesystemwouldnotoperateasefficientlyfor drugsthatarein-
herentlyslowerdiffusers.
Durrheimandco-workers(1980)usedabichamberglassorpolycarbonate
cellintheformof twocylindrIcalhalf-cells.Eachchamberhadtwovertical
portsforsamplingthereceptorsolutionandtoaccommodatetheshaftof the
motorizedstirrer.Thepropellersattachedto theseshaftswerepositionedclose
to themembranesurfacewithineachcell. It isreportedthatthisagitation
wasgentle,butadequate,anddistributedadyehomogeneouslythroughout
theaqueousreceptorfluidinlessthan2min.Whetherornotthisrateof
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agitationwouldbesufficientominimizediffusionboundarylayersatthemem-
braneinterfaceisuncertain;thetimefor dyedispersionquotedhereseemun-
dulylongfor suchasmallchambervolume.However,thisdesigngenerateda
gooddiffusionarea/volumeratiothatwouldaugmentthedetectionofverysmall
permeantconcentrations.
HarperBellantoneandcolleagues(1986)reportedtheuseofacommercial
steady-statec llfor investigatingiontophoreticallyenhanceddiffusion(seeFig.
1b). Thiscellconsistedof twocylindricalchambersof 5-mlvolume,withthe
membraneclampedbetweentheconnectingflangesurfaces,andwithelectrodes,
foriontophoresis,nsertedthroughtheverticalsamplingports.Mixinginthe
bulkcellwasgeneratedbyTeflonbarmagnets;however,it isdubiousthathy-
drodynamicswouldbeoptimizedbythismeansofagitationi horizontally
mountedcylinders.Fromthereferencediagrams,thereappearstobeacon-
strictionineachchamberattheflangethat,presumably,wouldhindermixing-
of thefluidatthemembranesurface.Furthermore,thenarrowingofthecham-
berdiameternearthemembranesurfaceappearstohaveposedsomeproblems
withairbubbleformation.Totalimmersionof thesystemispossible,thereby
preventingtemperaturegradients.
NakanoandPatel(1970)usedbi-andtrichambercellsconstructedofpoly-
methylmethacrylate(susceptibletoadsorptionofnonelectrolytesfromsolu-
tion)toinvestigatesalicylicaciddiffusionfromvariousointmentbasesto
aqueousolutionthroughasiliconemembrane.Thechamberswerenotinter-
nallyagitated,butthewholecellsystemwasshakeninahorizontalplane.
TouitouandAbed(1985a,b,1986)employedasimilarshakingtechnique
toagitatetheircylindricalcellsconstructedofPerspex.Thecellhalves,sepa-
ratedbymembraneordrugdeliverydevice,wereclampedtogetheronamodi-
fiedshakerplate.Theystatedthatnostagnantdiffusionlayersweredetected
atshakingspeedsbetween100and200rpm;however,theydidnotelaborate
onthemethodologyusedtovalidatethisstatement.It doesnotseemprobable,
in theabsenceof avoidvolumeor largeairbubbleswithinthecylindricalcells,
thathorizontalshakingof theclosedsystemwouldinduceagitationofanysig-
nificance.It ispostulatedthatdiffusantmovementthroughthephaseswould
begovernedbykineticmotion,incontrasttohydrodynamicmixing,andsub-
stantialdiffusionlayerswouldformatthemembraneinterface.Furthermore,
Perspex,asaconstructionmaterial,requirescloseattentionbecauseof the
potentialforadsorptiveinteractionwithpermeants.
A glasscellhavingagoodsurfacearea/volumeratio(0.60)hasbeenusedby
GaleyetaI.(1976).Agitationherewaseffectedbymotor-drivenTeflonpro-
pellersattachedtoverticalstirringshafts.A complexbichamberdesign(Fig.
lc), requiringspecializedmechanicalmanufacturingtechniques,hasbeen
evaluatedbyFlynnandSmith(1971).Thechambersweremachinedfrom
brassandwereheldtogetherbyalargenut-and-threadssembly,themembrane
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beinguniformlyclampedbetweenO-ringseatedwithintheflangesurfaces.
Agitationwasgeneratedineachchamberbyrelativelylarge,speciallyformed,
Teflonstirrersthatweremountedin theverticalplaneof themembrane.This
necessitatedhorjzontalstirrershaftstoprotrudefromeachchamberandgasket
sealstopreventanyleakageof chamberfluidthroughtheshafthousingsleeves.
Gears,attachedtotheprotrudingstirrershafts,wereinterlockedwiththegears
ofasynchronousmotorthatwoulddrivethestirrersineachchamberatthe
samerate.Samplingofchamberfluidwaseffectedthroughverticalsampling
portsandaperforatedscreencouldbeusedtosupporthemembranewhen
necessary.Thisdesignappearsidealinmanyrespects:goodmembraneareal
volumeratio(0.67),totaltemperaturecontrolbycompleteimmersionof the
assembledunit,evensealingpressureonthemembrane,andoptimalagitation
atthemembranesurface.Asanticipated,therewasaplateaustirringspeedabove
whichnoincreaseinthedrugpermeationratewasobserved.However,the
complexityof thisdesigndictatesthatit bemanufacturedbyanengineering
concern,andit requiresmountingsformotors,Shafts,andcogs.Thecostis,
therefore,assumedtobeappreciable,whereasalltheadvantagesof thisdesign
maypossiblybeduplicatedbyawell-planned,simply-constructed,glasscelland
modified,commonlaboratoryapparatus.Thelargediffusionareaof thismodel,
althoughusefulfromananalyticalviewpoint,limitstheapplicabilityof the
systemtomembranesinabundantsupply.
ThemostusefuldesignappearstobeoneproposedbySouthwellandBarry
(1981,1984).Twoglasschamberswitharelativelysmalldiffusionarea(more
inkeepingwiththesizeof readilyavailablebiologicalmembranes)areimmersed
horjzontallyinawaterbath(Fig.2a).AgitationiseffectedbyTeflon-coated
barmagnets;asinglelaboratorymagneticstirrerpositionedbelowthecellsys-
temeffectivelyinducesynchronousstirringof thebarsineachcell. Stainless-
steelmesh asbeenusedtosupportdelicatemembraneswithout,apparently,
(a) (b) (c)
Figure2 Diffusioncelldesigns,adaptedfrom Southwellet at, 1984;Tojo
etat, 1985b,a,respectively.
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of thestirredreceptorphaseisattainedapproximately1minaftertheintro-
ductionof adrugaliquothroughthesamplingport. Thisvaluecompared
favorablywiththe10minrequiredforequilibrationi theFranzcell(described
later).Furthermore,calculationof thetheoreticaldiffusionboundarylayer
thickness,usingdatafromtheaqueousdissolutionprofileofbenzoicaciddisks,
yieldedanapproximatevalueof 0.054mmfortheValia-Chiencell,whichwas
fivetimesmallerthanthatcalculatedfortheFranzcell. Thiscellsystemhas
beentheoreticallycharacterizedin termsof Sherwood-Reynolds-Schmidtrela-
tionshipsbyTojoetal.(1985a).Theyproposethatthischaracterizationallows
theestimationofaqueousdiffusionlayerthicknessandcalculationof theintrin-
sicpermeationrateofanycompoundunderidealhydrodynamicconditionsfrom
diffusionmeasurementstakenundernonidealconditions.Thisexerciseseemsto
beof onlyacademicnterest,asit maybepossibletodesignadiffusioncellcon-
figurationthathasnear-idealfluid-mixinghydrodynamics,andmeasurements
underthesenear-idealconditionsmaybemadeqirectlywithoutthenecessity
forresortingto theoreticalinterpretations.
A similar,commercial,diffusioncell(seeFig.2c)hasbeendevelopedand
evaluatedbyChienandco-workers(Ghannametal.,1986;LiuetaI.,1986;
Tojoetal.,1985a,c,d)andhasbeenusedbyseveralresearchers(Leeetal.,
1986a,b;Liuetal.,1985;Sunetal.,1986).ThecellcomprisestwoL-shaped
chambersofvolume140-250mlwhich,whenfastenedtogether,providean
areaof 13.9cm2fordrugdiffusion.Thebaseof theverticalarmofeachcham-
berhasarecessedstirringplatformthataccommodatesamagneticstirrerbar,
andbothchambersof theassembledcellareplacedoverasynchronousstirrer
unit.Theverticalarmsofeachchamberarewaterjacketedfortemperature
control,andeachhasasamplingportwithcaptopreventevaporationof the
fluid. Again,stirringthefluidinthehorizontalarmsof thechambersmaybe
nonideal,andtheabsenceof temperaturecontrolalongthesearmsmaygenerate
gradientsbetweenthemembranesurfaceandbulkfluid. However,aswiththe
previousdesign,thetemperatureof eachchambermay'beindividuallycontrolled
withthisapparatus,adistinctadvantageoversimpleimmersionof theentire
systeminawaterbath.
Tojoetal.(1985a,c)evaluatedthissystemalongsimilarempiricalprinciples
asdescribedbefore,usingdatafromthedissolutionrateof abenzoicaciddisk.
Valuesforthetheoreticalhydrodynamicconstantsandtheirinterrelationship
areproposedforcorrectingtheeffectof diffusionboundarylayersonthedrug
permeationratesobtainedundernonidealflowconditions'.Cellshapeherede-
viatesmarkedlyfromtheideal;theauthorsagainproposedthatthismayvalidly
becounteractedbytheapplicationof correctionfactorsbasedontheoretical
mathematicalhydrodynamicmodels.Furthermore,certainof theirassumptions
madeinapplyingthetheoreticalmodel(initiallyproposedforlongitudinalfluid
flowincylinders)tostatichydrodynamicsin diffusioncellsmaybedebatable.
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In essence,thispracticeappearstocomplicatethepermeationmonitoringpro-
cess:acomputationalcorrectionisrequiredforanonidealcelldesigninprefer-
encetotheadoptionof adesignwithmoreoptimalhydrodynamics.
Thesezero-order,steady-statediffusioncellsareusefulinthatanumberof
kineticeventsmaybemonitoredsimultaneously.Themassofdrugenteringthe
membranemaybeassessedbymonitoringitsdiminutioninthedonorchamber
whilethemassof drugpassingthroughthemembraneisrepresentedbyitsap-
pearancein thereceptorfluid. Thefractionofdrugboundwithinthemembrane
maythenbeassessedatanytimebythedifferenceinmassofthedrugentering
andleavingthemembrane(Scheuplein,1978).Thisabilitytoestimatehe
degreeofbindingorreservoirformationwithinthemembraneisusefulinmany
instances.,Moreover,thecellsareusefulfordeterminingintrinsicdiffusivityof
amoleculethroughaspecificmembranein thecontrolledabsenceoffactors-
thatmayenhanceorretardthepermeationprocess.
CELLSFORSIMULATINGIN VIVO CONDITIONS
Thesteady-statediffusiontechniquesdescribedin theprecedingsectionsgen-
eratenonphysiologicalsolvationof themembranethroughouttheexperiment,
andthismay,inpart,accountfor thediscrepanciesbetweenreportedpermea-
tionresults.A systemthatparallelsinvivoconditionsmorecloselywouldrequire
hydrationandtemperaturegradientstobeestablishedacrossthemembrane,
withonlythereceptorsurfaceof themediumexposedtothesolvent(Akhter
andBarry,1983a).Thishasbeenachievedbysingle,fluid-filledchamberscon-
tainingagitatedorrecycledreceptorphase(simulatingthesinkclearanceondi-
tionsof thevasculatureinvivo;Table4). Thedonorchambersof thesecells
neednotresemblethereceptorchamberinvolumeor shapeandmaycomprise
asimplecylindertocontainthevehicleappliedtothehorizontallymounted
membrane.Thedonorvehicleisusuallynotagitatedin thesimulatedconfigura-
tion,rep~~sentingheclinicalsituationinwhichatopicalproductwouldbeap-
pliedtotheskin. In thissituationthedrugandvehicleinteractwiththemem-
braneandatmospherein amanner(evaporation,permeation,ordepletion)simi-
lartothatoccurringinclinicaluseof thedeliverysystem.Absorptionofcom-
poundsmaythusbestudiedunderexperimentalconditionsmostapplicableto
theirinvivousage.
Coldmanetal.(1969)havemadeuseof thistechniqueforexaminingthe
effectsof supersaturateddrugsolutions,withconcomitantthermodynamic
potential,preparedbyacombinationvehicleofvolatileandnonvolatilefrac-
tions.Onapplication,thevolatilecomponentevaporates,leavingthedrugin
lipophilicsolutionofhighconcentration;anexperimentalprocedurethatis
impossibleusingthesteady-stateapparatusdescribedpreviously.
- Inthis"invivo-mimic"situationthedonorvehiclecharactermayvarywidely
fromthesolutionsusedinsteady-stateexperiments.A filmofdrugdeposited
bysolventevaporation,oneof thenumeroustypesof topicalformulationsof
diversematrixnature,oratransdermaldeliverydevicemaybeusedasthesource
ofpermeant.Otherbenefitsof thiscellconfigurationi cludetheabilityto
controlvariablesof thedonorcompartment,suchashumidityorexposureto
atmosphericconditions,therebysimulatingoccludedornonoccludedclinical
conditions.In thismanner,theinfluenceofhydrationonthepermeabilityof
themembranemaybeassessed.Additionally,themembranemaybetreated
withchemicals(e.g.,penetrationenhancers)beforeorduringexposuretothe
permeant,toascertainwhateffecttheyhaveonpermeability.It isfeasibleto
applysequentialtreatmentstothesamemembrane,thelattermaythusactas
itsowncontrol.Cooperandco-workers(1985)investigatedtheuseof fatty
acidsandalcoholsaspenetrationenhancersfor acyclovir.Barry(1983)and
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Table4 In Vivo-MimicDiffusionSystemswith aRate-LimitingMembrane
Author Description Receptor Diffusant
Frimz(1975) Dumbbell(stirred)/skin Water Various
Bronaugh(1984) Flow-through/skin Various Lipophilicdrugs
Washitake(1980) T-cell/eggshellmembrane Water Betamethasone
Coldman(1969) Verticalcylinder/skin Water Fluocinolone
Akhter(1982;1984; Biconcaveglass/skin Buffer Profens
1985)
Ainsworth(1960) Flow-through-stirred/skin Water Tributyl phos
Foreman(1978) Flow-through/skin Water Nandrolone
Michniak(1983) Plexiglassmouseskin Buffer Corticoids
Ogiso(1986) Franzcell/ratskin Buffer Indomethacin
Chien(1983) Verticalcylinder/mouseskin
"
Saline Nitroglycerin
Keshary(1984) Verticalcylinder/mouseskin Saline Nitroglycerin
Kneczke(1986) Verticalcylinder/cellulose Water Salicylicacid
Crutcher(1969) Flow-through/guineapigskin Saline Testosterone
Blank(1964) Flow-through-stirred/skin Water Alcohols
Guy(1986) Flow-through/mouseskin Buffer Nicotinates
Okamoto(1986) Flow-through-stirred/skin Saline Parabens
Hawkins(1986) Penetration-evaporation/pigskin Aqueous Various
Bronaugh(1985a) Flow-through-collected/ratskin Saline Cortisone
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Akhteretal.(AkhterandBarry,1983a,1984,1985;Akhteretal.,1982)re-
portedgoodexperimentalresultswheninvestigatingthesequentialeffectsof
occlusionandof addingpenetrationenhancers,uchasN-methylpyrrolidone,
onthepermeationofnonsteroidalnti-inflammatoryagentsfromacetone-de-
positedfIlmsthroughumanskin. Therefore,anumberofexperimentalvari-
ablesmaybeinvestigatedusingthesameinvivo-mimicapparatus;theadvantages
ofusingthesesystemsareapparentincomparisonwiththesteady-stateppara-
tusdescribedpreviously.
Inmostinvestigationsit isassumedthatthedrugconcentrationinthedonor
phasedoesnotdiminishsignificantlyduringthetimecourseof theexperiment
("infmite-doseexperiments").Mter aninitialtransientperiodofmembrane
saturation(lagtime),andprovidedsinkconditionsaremaintainedintherecep-
torchamber,theconcentrationgradientacrosstheskin(andthusthedrugper--
meationrate)shouldremainconstant.Thismayprovidevaluableinformation
abouthesteady-statedrugdiffusionandlagtimeswhensemisolidtopicalform-
ulationsareappliedto themembrane,incomparisonwithsimpledrugsolutions.
However,thisinfmitedose/steady-statesi uationdoesnotparalleltheformu-
lationuseinvivo,inwhichafIniteamountof productisusuallyspreadonthe
skininathinlayer.Theconcentrationorsolubilityof thedrugin thislayermay
changeaswaterevaporatesfromthedosageform,or formulationconstituents
areabsorbedbytheskin,therebychangingthethermodynamicpotentialofthe
diffusantin thevehicle(Tanakaetal.,1985).Furthermore,arelativelythick
layerofvehicleappliedinvitromaymaintainthemembraneinahydratedstate,
swellingthetissueanddecreasingitsbarrierproperties.Therefore,if invivouse
istobesimulatedascloselyaspossible,severalfactorsfavorasemifmite-dose
techniqueasdescribedbyAinsworth(1960),orafInite-dosetechniqueaspro-
posedbyForemanetal.(1977,1978)andFranz(1978),thathasbeenusedby
otherresearchers(AkhterandBarry,1983a,1984,1985;Akhteretal.,1982;
SouthwellandBarry,1984;Southwelletat, 1984).Thismethodrequiresthat
afInitevol~meof drugsolution,involatilesolvent,beappliedtothemembrane
andevaporatedtodrynesstoformafIlmof drugonthemedium.Initially,a
periodof rapidpermeationmaybeexperiencedbecauseof enhancedpartition-
ingof thedrugfromthedepositionsolvent,priorto thetotalevaporationfthe
latter(AkhterandBarry,1985).Maximumpartitioningusuallyoccurswhenthe
drugsolutionissaturated,representingtheconditionofmaximalthermodynam-
icpotential.Thepermeantfluxratedecreasesa drugisprecipitatedfromthe
supersaturatedsolution,andpermeationfromthedepositedftlmsupersedesthat
inducedbyinitialpartitioningfromthesolvent.Permeationofdrugfromthis
filmpassesthroughamaximumvaluewithtime,andthendeclinesastheper-
meantisexhaustedfromthedepositedlayer(ScheupleinandRoss,1974).
However,althoughit maybefaciletoproduceanevenftlmofdrugonthe
membranebysolventevaporation,it ispostulatedthatspreadingafmiteamount
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ofointment,forexample,onto fragilebiologicaltissueinathin,uniformlayer
wouldbedifficult,althoughthishasbeenaccomplishedwithfull-thicknessrat
skinandpetrolatumvehicle(BronaughandStewart,1986a).In thosesituations
inwhicharelativelyviscousemisolidistobetreated,theuseof aninfinite-dose
techniqueisthemostfeasiblemethodofexperimentation.
It mustbeassumedthatdissolutionof thedepositedrugisnottherate-
limitingsteptoabsorptionandthatthesolventdoesnotalterthebiochemical
propertiesof themembraneappreciably;bothimportantassumptionsthatmay
requirevalidation.AkhterandBarry(1985)observedthatpermeationofcertain
nonsteroidalnti-inflammatoryagentsfromdepositedfilmswasgovernedbythe
rateofdrugsolubilizationattheskinsurface,demonstratedbythefactthatin-
creasesin theconcentrationof drugin thedepositedfilmdidnotincreasethe
permeationrate,whereasmoreconcentratedsolutionsproducedgreaterflux
values.Theyfoundthatocclusionof thedonorchamberdidnotincreasethe
rateofsolubilizationfromthisdepositedfilm,butit didenhancethefluxof
drugalreadypresentin thestratumcorneum.Additionalcare,therefore,isre-
quiredif thismethodologyistobeadopted;it mustbeshownthatsolubiliza-
tionof thedrugisnottherate-limitingstepto diffusion.Oneremedyhasbeen
implementedbyMichniakandco-workers(Michniak,1983;Michniak-Mikolaj-
czakandBodor,1985)whoapplied rugsinacetoneormethanol/isopropyl
myristatesolventcombinations:theevaporationof thevolatilecomponent
leavesthedruginlipophilicsolutionspreadthinlyoverthemembranesurfaces,
therebyalleviatingdissolutionrateproblems.
Theevaporationf smallsolventvolumesdoesnot,presumably,adversely
affecthediffusionmedium.Akhterandco-workers(AkhterandBarry,1985;
Akhteretal.,1984)reportthatcontactof theskinwithacetone,usedtode-
positdrugfilms,forperiodsfrom2minto2h didnotsignificantlyalterthe
permeabilityof thetissue,confirmingearliereportsbyScheupleinandRoss
(1974).In addition,BennettandBarry(1983)observedunchangedtritiated
waterpermeabilityhroughumanskinaftersequentialtreatmentwithanum-
berofalkanolsandconcludethattheskinhadnotbeendamagedbythistreat-
ment.Incontrast,Waranisetal.(1987)reportedthata3-minmethanolwash
ofhairlessmouseskinnearlydoubledthefluxof theophyllineinpropylene
glycolvehiclethroughthistissue.It would,therefore,appearthateachfinite-
dosetechniquemustbeindividuallyevaluatedtodeterminetheeffectof the
depositionsolventonthebarrierpropertiesof themembrane.
StaticInVivo-MimicDiffusionCells
Mostof thecellsemployedin thisexperimentationaresimilarindesign:alower
receptorchamberincorporatingsomemeansof agitation(usuallyaTeflon-
coatedbarmagnet)withaninclined,stopperedside-armattachedtothecham-
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berthroughwhichthereceptorsolutionmaybesampled.Themembraneis
mountedhorizontallybetweentheflangededgesof thelowerchamberandthe
upperdonorcontainerandmaybesupportedbyastainless-steelsi veorparallel
rodsspanningtheaperture.Teflonwashersmaybeusedtosandwicht emem-
braneand,thereby,provideabetterseal.Theflange dgesaremechanicallyheld
togethermakingthejointwatertight,andthedonorcontainermayhavesome
formofclosure,dependentontheexperimentalconditions.Fluidisfilledinto
thecelltothelevelof themembranesothatnohydrostaticstrainisimposedon
themedium,andanyairbubblesthatformmaybeexpelledthroughthein-
clinedsamplingportbytippingthecell. Theentireunitisusuallyimmersedina
waterbathtothelevelof theflangesothatthedonorvehicleisnotheated.A
numberof thesecellsmaybearrangedaroundasinglemagneticstirrerforrepli-
cateruns.One featurefound in severalreportedcelldesignsisanarrowingof -
thechamberdiameterin theflangeregion,sothatthemembraneisoffsetslight-
ly fromthecellbodybyanarrowcylinder.It isenvisagedthatfluidflowwould
behinderedintothiscylindricalconnection,therebygeneratinginferiormixing
hydrodynamicsandextensivediffusionboundarylayersatthemembraneinter-
face.
Anearlycelldesign(Fig.3a)proposedbyColdmanetal.(1969),andsubse-
quentlyusedbyseveralresearchers(ChowhanandPritchard,1978;Haleblian
etal.,1977;Ostrengaetal.,1971;Young-Harveyetal.,1986),consistsofa
verticalcylindricalchamberwithaninclinedsamplingside-arm,ofslightly
smallerdiameter,attachedtothechamberbodynearitsbase.Themembrane
wasmechanicallyclampedbetweentwoTeflondiskstotheuppersurfaceof the
cellbody.FluidagitationwasgeneratedbyaTeflonbarmagnettowhicha
polyethylenesail,slightlyshorterthanthecellbody,wasattached.Theauthors
reportedthatthisprovidedefficientmixing,buttheydidnotpresentvalidating
data.It isassumedthatalargeportionof the1D-mlreceptorfluidwouldbe
containedwithinth~samplingside-armandwouldnotmixadequatelywiththe
tV
(a) (b) (c)
Figure3 Diffusioncelldesigns,adaptedfromColdmanetaI., 1969;Southwell
etaI., 1984;Franz, 1978,respectively.
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bulkfluidof thecell,generatingapossiblesourceofsamplingerrors.Thediam-
eterof thefluid-filledcylinderconnectingtheundersurfaceof themembrane
tothebulkcellfluidisapproximatelyhalfthediameterof thecellbody.Fluid
mixingandmasstransferwithinthisconstrictionmaybefurtherimpaired..
A usefuldesignisthatof Southwellandco-workers(SouthwellandBarry,
1984;Southwelletal.,1984)andAkhteretal.(AkhterandBarry,1985;Akhter
etal.,1982),whousedabiconcavecell,agitatedbyabarmagnet,withanin-
clined,stopperedside-arm(seeFig.3b). Themembraneissupportedbyastain-
lesssteelscreenandtheupper,donorcompartmenthasaninnovativewellthat
preventsspillageof thedonorvehiclewhenthecellistippedtoexpelairbubbles
fromunderthemembrane.Onepostulatedrawbackof thisdesignisthecon-
nectionoftheinclinedsamplingportnearthebaseof thecell. Thismaynot
supportefficientmixingof thefluidin thesamplingtubewiththatin thebulk
cell.Theconnectionearthebasedictatesthatthetubebeespeciallyongso
thatitsorificeispositionedabovethelevelof themembraneand,hence,asub-
stantialproportionof fluidiscontainedwithintllissamplingport. It isimpera-
tivethatefficientmixingof fluidin thisportwiththatof thecellbodybein-
ducedforaccuratesampling.A similardesignconstructedofPlexiglashasbeen
usedbyNachtetaI.(1981)formeasuringbenzoylperoxidepermeation.
Franz(1978)designedandtestedacellsystemalongtheselines(seeFig.
3c)thathassubsequentlybeencommerciallymarketedandhasbeenwidely
used(ChowetaI.,1984;IyerandVasavada,1979;MirejovskyandTakruri,
1986;Touitou,1986,Waranisetal.,1987).Thiscellhasasmall,upper,donor
compartmentopento theatmosphereandadumbbell-shapedr ceptorcom-
partment(of 12-mlvolume)comprisingalowerellipsoidbulb(containingthe
magneticstirrerbar);anintermediate,narrowercylindricaltube;andawide
upperchamberincontactwiththemembrane.Anunstopperedsamplingport
isconnectedtotheuppersegmentof thecell. Thecompartmentsareheldto-
getherbyaspringclampand,surprisingly,onlythecentral,cylindrical,portion
of thereceptorchamberissurroundedbyathermostatedwaterjacket.Several
of thesecellsmaybemountedinaspeciallydesignedhousingblockcontaining
themanifoldconnectionsfortheheatedwaterjacketandthemagneticstirrers.
OgisoetaI.(1986)usedtheFranzcellwithana-ringflangetomeasure
thediffusionof indomethacinfromvariousointmentsandgels,andtheyre-
portedgoodcorrelationwithinvivodrugabsorptionstudies.Theseworkers
concludedthatit isreasonabletoassumetheresultsfromtheinvitroexperi-
mentsadequatelyreflectheinvivotransderrnalbsorptionof thedrug.This
reportexemplifiesthefactthateventhoughmixinghydrodynamicsinadiffu-
sioncellmaybeinadequatehesystemmaystillbeusefulfor screeningpur-
poses.However,thevariancebetweenexperimentsi expectedtoberelatively
largebecausesmalldifferencesinagitationspeed/mayinfluencediffusionbound-
arylayerthicknessextensively.Shethetal.(1986)usedtheFranzdiffusioncell
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forpenetration-enhancinginvestigations,buttheyincorporatedaspecially
manufacturedlongatedstirrerbar,presumablyto improvemixinghydrody-
namics.
AlthoughtheFranzcellhasbeenusedextensivelyforskinpermeation
studies,it hasseveralobviousnonidealfeatures.Kesharyandco-workers(Chien
etal.,1983;KesharyandChien,1984)summarizedtheseshortcomingsafter
evaluatingthecellfor thereleaseof nitroglycerinfromseveralcontrolled-release
transdermaltherapeuticsystems,andChienandValia(1984)comparedthehy-
drodynamicsof theFranzcellto thatof theirowndesign.Theyreportedthe
architectureof theFranzcelldidnotprovideadequatesolutionhydrodynamics,
mixingefficiency,ortemperaturecontrolrequiredforquantitativep rmea-
tionevaluations.Closeex.aminationf theFranzcelldesignoffersimmediate
explanationfor someof theseinadequacies:it is improbablethatadequate -
agitationof theentirereceptorcellcontentsmaybetransmittedfromthe
stirredlowerbulb,throughthenarrowcylindricalconnectiontothewider
uppercompartment.Theresistancetolaminarfluidflowgeneratedbythis
internalcelltopographyissimplytoogreato induceadequateverticaifluid
movementand,therefore,theexistenceof largeboundarydiffusionlayersat
themembraneinterfaceisanticipated.Theserelativelystatic,diffusionlayers
arereportedtobefIvefoldgreaterin theFranzthanin theValia-Chiencell
(ChienandValia,1984),andmaygreatlyincreasetheoverallresistancetodrug
permeation.
A permeantconcentrationgradientwouldalsobeestablishedthroughthe
cell,being reatestatthemembraneandmostdiluteinthelowerbulb.Equili-
brationtimesof 30minarereportedbyChienandValia1984)fortheFranz
cellafterintroductionof adrugaliquotintotheupperportionof thechamber
andsubsequentsamplingof thedrugsolutionfromthelowerbulb.Sampling
would,therefore,takeplacefromasolutionhetergeneouswiththedrugcon-
centration.Whenthisiscoupledtothepoorverticalfluidmovement,there
wouldprobablybeinadequatehermaltransmissionfromthecentrally
heatedportionof thecompartmentto themembranesurfaceandlowerbulb:
a4°Cdiscrepancyhasbeenmeasured(ChienandValia,1984).Thiswould
introducefurthervariablesintothesystemif ambientconditionsvaryduring
anexperiment.Obviously,theseproblemsareamplifIedif solventsmorevis-
cousthanwaterareused;afactorthathasreceivedlittleinvestig~tion.
ThesedesignshortcomingshavebeenexperimentallyverifiedbyGummer
etal.(1987),whoevaluatedvariousFranzcelldesignsforuniformityofstirring.
Bymeasuringthetimerequiredforhomogeneousdyedispersion,theyob-
servedthatthefluidin thesamplingside-armsandin theupperportionsof these
dumbbell-shapedc llswasnotadequatelyagitatedbymagneticbarstirringin
thelowerportion.In somecaseshomogeneitywasnotachieved,evenafter30
minofstirring.
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Onthebasisof theseshortcomingsKesharyetaI.(ChienetaI.,1983;Keshary
andChien,1984)proposedanumberofmodificationstothebasicFranzdesign
thattheybelievedwouldgreatlyimprovethehydrodynamicsof thecell.There-
ceptorcompartmentwaswidenedintoasimplecylinderof diameter20mm,and
theheightof thecellwasreducedto50mm,producingavolumeofapproxi-
mately15.7mI. Thedimensionsof theheatedwaterjacketwereincreasedso
thatthelower38mmof thecellwascompletelyenclosedandastar-headmag-
netwasincorporatedinplaceof thesimplebarmagnettogenerateamoreeffi-
cientfluidmixingpattern.A glasstopperwasintroducedintothesampling
porttominimizevaporationof thereceptorsolvent;animportantfactorwhen
usingvolatilesolvents(includingwater)at37°Cforseveralhoursordays.The
performanceof theimprovedesignwascomparedwiththatof thecommercial
Franzcellforanumberofphysicalvariables.Equilibriumtemperaturemain-
tenanceinthebulkphaseandatthemembraneinterfacewasmoreeasilyattain-
able,withlessvariationthanin theFranzdesign.,A temperaturedifferenceof
S.SoCwasobservedbetweenthetwocells,asmeasuredatthemembranesurface,
thatproduceda12.4%differencein themeasuredreleaserateofnitroglycerin.
Solutionmixingwassubstantiallyimprovedbyafourfoldfactor,asassessedby
therateofattainmentof solutionhomogeneityafterintroductionof analiquot
ofdiffusant.Thecalculatedthicknessof theboundarylayerisreportedtobe
threetimesmallerin theKeshary-Chiencell,therebyproportionatelyreducing
thecontributionof thislayertotheoveralldiffusionalresistance.It canbeseen,
therefore,thatsimplemodificationstocellshapemayyieldgreatlyimproved
penetrationprofilesofgreatervalidity,simplybyimprovingthehydrodynamic
fluidflowcharacteristics.It isunfortunatethattheauthorsdidnotreport
permeationresultsatagitationspeedsotherthan600rpmortheuseof receptor
solventsotherthanwatersothatafullevaluationof theperformanceof their
improv~dcellcouldbeassessed.
- - ThisKeshary-ChiencelldesignhasbeenusedsuccessfullybyKneczketal.
(1986)toinvestigateheeffectsof whitepetrolatumcrystallinityandviscosity
onthereleaseof salicylicacidfromointmentformulationsthroughacellu-
losemembrane.Theirexperimentswereperformedat400rpmagitation;again
nodataforalternativeagitationspeedsortemperatureswerepresented.
A numberofalternativedesignsfor simulatinginvivoconditionshavebeen
reported.Washitakeetal.(1980)usedamodificationof theT-shapedcellto
investigatethediffusionofbetamethasone17-valeratefromointmentbases.
Eggshellmembranewasplacedoverbothopenendsof theinvertedT-celland
ointmentappliedtotheexternalsurfacesof thesemembranes.Thecellwas
filledwithaqueousreceptorfluid,andtheunitshakenhorizontallytoinduce
agitation.Severalshortcomingsareimmediatelyobviousinthisdesign.The
questionofagitationefficacyderivedfromsimpleshakingof thecellhasbeen
addressedpreviously.Furthermore,theauthorsnotedthatthereceptorfluid
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diffusedthroughthemembrane,presumablyaugmentedbythehydrostatic
fluidpressurewithinthecell,andinteractedwiththedonorfoI'mulations.
Flow-ThroughInVivo-MimicCellDesigns
Asanalternative,cellshavingaflow-throughreceptorcompartmenti steadof
asamplingporthavebeenused.Herethecontentsof thereceptorcellarereo
placedentirelywithfreshsolventatspecificintervalsorcontinuouslybypump
mechanism.Thereceptorchamberisconnectedtoaperistalticpumpthatre-
placesthesolventseveraltimeseachhourataratesufficienttomaintainsink
conditionsfordiffusion(typically70timesanhourforasmallcell).Theflow-
throughreceptorchamberisgenerallymuchsmallerthanthestaticelltype,
typicallyhavingavolumeof 30-40Jll. Thisismainlybecauseseveralcellvol- -
urnesof receptorfluidmustbepumpedthroughthechamberduringthecourse
of anexperimentand,thus,tomaintainthetotalamountof fluidatmanageable
levels,thecellsizemustberelativelysmall.Furthermore,mostcellshavearela-
tivelysmalldiffusionareaof approximately0.1cm2,makingthesesystems
economicalsfarasmembraner quirementsareconcerned.
Sinkconditionsaremaintainedwithrelativeasein flow-throughsystems
becausepermeantisimmediatelysweptawaybythefluid. CrutcherandMai-
bach(1969)suggestedthattheincreasingconcentrationofpenetrantinthe
receptorsolutionmaylimitfurtherpermeation(especiallyofrelativelywater-
insolublepermeants),asituationthatisnotexperiencedinvivo.Theyfoundthat
measuredpermeationratesincreasedinproportiontoanincreaseinthereceptor
fluidperfusionrate.Theyconcludethatinvitroworkshouldstrivetoduplicate
thetruesinkconditionsexperiencedinvivobyeitherfrequ~ntperfusater -
placementsorcontinuousflowof thereceptormedium.WesterandMaibach
(1985)reportedthatflow.throughreceptorcellsaremoreusefulthanstatic
cellsforthis,becausesinkconditionscanbemaintainedmoreadequatelyin
theflow-throughcellfor sparinglysolublediffusants.
Althoughcontinuousflowof solventhroughthereceptorcellmayinduce
someagitation,it isassumedthataperiodicreplacementof theentirecellsolu-
tion,withoutfurthermeansof agitation,wouldcreateconsiderablediffusant
boundarylayersatthemembraneinterface.Solventinfusionpressurecannot
usuiuIybeusedasanagitationaid,forunduestressmaybeplacedonthememo
brane.Thecelldesignermust,therefore,infuseandeffuseliquidinsuchaway
thatpermeantiscompletelysweptawayfromtheundersurfaceof thememo
bran.e,minimizingdiffusionlayerformation.Foremanandco-workers(1977,
1978)haveusedsuchacellforfmite-dosediffusionstudies.Theinlettubeof
theirflow-throughdesigndirectedthefreshsolventagainstthecenterof the
membraneundersurfacewhileeffusatewasremovedthroughaportatthebase
of thecell.Obviously,appropriater ceptorcellshapewouldenhancemixing
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Figure4 Diffusioncelldesigns,adaptedfrom Marzulli,1962;Okamotoet aI.,
1986,respectively.
hydrodynamicsandit isassumedthatbasiccylindricalchambers(Aguiarand
Weiner,1969;Marzulli,1962)arenotidealin thisregard(Fig.4a).
Notingthis,Blank(1964)includedastirrerin,thereceptorchambertogether
withtheflow-throughfluidarrangement,similartothedesignproposedearlier
byAinsworth(1960).Thisinclusionimprovesmixinghydrodynamicsand,sub-
sequently,hasbeenadoptedby severalworkers,includingGuyetal.(1986)and
Okamotoetal.(1986),whohaveusedthiscombinationstirrer/flow-through
designinarelativelarge-volumer ceptorchamber(seeFig.4b). In thisinstance
thefluidagitationwastotallydependentonthemagneticstirrerandnoreliance
isplacedontheinfusionof fluidtogeneratemixing.Thehydrodynamicsof
thissystemare,therefore,assumedtobesuperiortothesolitaryflow-through
arrangement.A penetration-evaporationcelldesignedalongsimilarprinciples
hasbeenusedbyHawkinsandReifenrath(1986).Thereceptorchamberin
theirdesignconsistedof averticallymounted,thermostaticallyjacketed,cylin-
derwithflow-throughfluidattachments,owhichthemembranewasfixedby
3DO-ring,andagitationwasaffectedbyamagneticstirrerbar.Theelaborate
donorchamberwasdesignedtoenhancevaporationfromthemembranesur-
facebyforced,heated,airventilation.Gummeretal.(1987)havedesignedtwo
agitated/flow-throughpermeationcellsthathavebeenvalidatedforstirring
efficiency.Theyhavecompletelyenclosedtheirconical/cylindricalhambers
withawaterjacketandhavemaintainedthecellvolumeassmallaspossible
whileoptimizingthediffusionsurfaceareafortheirparticularmembraner -
quirements.
Severalmodificationsof thisbasicdesignhavebeenpromulgatedinan
attempttorelievetheresearcherof therepetitivesamplingandsolventreplace-
mentdutiesduringeachexperimentalrun. A continuousflow-throughstainless
steelcellconnectedtoanautomaticsamplefractioncollectorhaseffectively
beenemployedforthisbyAkhterandco-workers(AkhterandBarry,1983b;
Akhteretal.,1984).Theconicaldonorcompartmentof theircellfacilitated
depositionofdonorvehicleonto themembrane.Smallmetalrodsmaybe
In Vitro ChamberDesign 495
placedunderthemembraneto furthereducethevolumeof thecellandtogen-
erateadditionalturbulenceasthefluidflowsthroughthecell.Theformation
of airbubblesi reportedtobeaprobleminthisapparatus,evensmallbubbles
trappedbeneaththemembranewill reducethediffusionareasubstantially.The
useof in-linebubbletrapsandthedegasingof solvents,especiallyhydroalcoholic
fluids,usuallyeliminatesthisdrawback.Thechambersaredistallyconnected
tovialsinarotatingfractioncollectorthatwill sampletheperfusedsolutionat
regularintervals.Severalcellsmaybeassembledradiallyonaheated,copper
mountingblock,overacircularturntablethatwill sequentiallymovethecol-
lectionvialsundertheeffusionportsof thecells.Althoughthiscelldesignis
especiallyusefulforscintillationcountingof radiolabeledpermeant,adirect
connection.of thefractioncollectortospectrophotometricdetectioninstru-
mentsisalsopossible. -
A similar,sophisticateddesignisdescribedby BronaughandStewart
(1985a,b;1986a,b)andFisher(1985).Theirtwo-pieceflow-throughcellswere
machinedfromTeflonsothatthetopsectioncouldbescrewedintothebase,
securingthemembranefmnlyoverthereceptorchamber(O.4-mlvolume).The
inlettubediameterisapproximatelyequalto thedepthof thechamberand,to
createaslightbackpressureandfacilitatemixing,thechamberhasasmaller
outlettubediameter.Thisgenerallyensuresintimatecontactof fluidwiththe
membrane.Asexpected,observedpermeationratesincreasedwithperfusion
rateof thereceptorceltuptoalimitingvalue.Thisplateauvaluewouldobvi-
ouslybedictatedbythepartitioningof thediffusantintotheperfusingmedium.
A smallglasspluginsertedintothebaseof thecellallowedinspectionofmem-
braneundersurfaceforairbubbles.Severalcellsmaybefittedintoaheated
aluminumholdingblockfor temperaturemaintenance.Again,afractioncollec-
torisemployedtosampletheeffusateatspecificintervals.
Theperformanceof thiscellconfigurationwascomparedwithresultsfrom
staticdiffusioncellsystemsforthepermeationof tritiatedwater,cortisone,
andbenzoil;acidthroughratskin.Theresultsdemonstrateinsignificantdif-
ferencesintheabsorptionprofilesobtainedfromthetwocelldesignsandgood
correlationbetweenthesedataandinvivostudies.Forrelativelywater-insol.
ublecompounds,theflow-throughsystemdemonstratedgreateroverallper-
meationthanthestaticdesignusingsalinereceptorfluid. Semisaturationof
thestaticfluidissuspectedhere,withloweredpartitioningpotential.Maxi-
malpermeationof thesecompoundsineithersystemwaseffectedbytheuse
of surfactantsolutions,asreceptormedia,andresultedinfluxvaluesof
approximtelyequalmagnitudeforthetwodesigns.Theseresultsareimpor-
tantfromadevelopmentalviewpointbecausetheyindicatethatif therecep-
tormediumisoptimizedforthespecificpermeantandmembranesystemunder
test,inconditionsofoptimalagitation,theflow-throughdiffusioncelldesign
offersfewobviousadvantagesoverthestaticfluiddesignrelativetothekinetic
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datagenerated,theonlyadvantageb ingthatsamplecollecionisautomated.
BronaughandStewartconcludedthattheflow-throughsystem,usingnonopti-
mizedreceptorfluid,couldnotoutperformtheuseofcosolubilizersineither
cellsystem.Bearingthecostandcomplexityof flow-throughcellfabricationi
mind,it ispostulatedthatoptimizationofastaticdesignmaybethebestentry-
levelpositionforresearchersin thisfield.
In summary,theadvantagesof aflow-throughsystemaremultifold:small
membranesamplesarerequiredand,therefore,several,replicatexperiments
maybeinitiatedusingatypicallysizedautopsyskinspecimen.Theflow-
throughsystemmaybeemployedwithbothfmiteandinfinitedosesofdiffu-
santfromavarietyofdonorvehiclesforthesimulationof invivoorsteady-state
conditions.Sequentialtreatmentof theskinordepositedonorftlmispossible.
Theperpetualinfusionof solventmaintainssinkconditionsforthepermeant,
andthesamplecollectoreliminatesthetediumof repetitivesampleacquisition.
However,thedesigniscomplexfromamanufacturingviewpoint,andthesys-
temistotallydependentonthesynchronizationfpumpandfractioncollec-
tor. Theexpenseofestablishingsuchasystemis,therefore,fairlylarge.More-
over,overtperformancesuperiorityof theflow-throughsystemcomparedwith
optimizedstaticfluidcellshasnotbeenclearlyestablished.
SUMMARY
Howeveridealtheinvitrocelldesignmaybe,thediscrepancybetweenthe
kineticeventsoccurringin thelaboratoryandthosethattakeplaceinhuman
skinisextensive.Invitromethodsmeasuresteady-stateorfinite-dosepermea-
tionfrominfinitelyconcentrateddonorvehiclesthatmaycontacthemem-
braneforseveraldays.Clinicaluseof thedrugmayinvolveinunctionofasmall
_amountof formulationi toalargeareaof skin,withremovalof residualformu-
lationbywashingsomehourslater.Correlationofdatafromlaboratoryinvesti-
gationswithinvivotrialshasalsoproved ifficultbecauset stsinhumansoften
measureaphysiologicalresponseto thepermeant(suchasvasoconstriction)r
useurinaryexcretionassays(withtheircomplicationsof systemicmetabolism,
binding,andcompartmentalization).Especiallyobviousisthedifferenceinmass
ofpermeantrequiredtoelicitameasurabler sponsein thetwomodesof investi-
gation.Severalmicrogramsof diffusantgenerallymarkthelimitofdetection
inaninvitrocellsystem,whereasanumberofmoleculesof drugreachingthe
vasculaturemayinduceavasoconstrictiveresponseandbeassessedbyhuman
blanchingtrialmethodology.Furthermore,laboratorytechniquesgenerally
measuresteady-statediffusionacrosstheentirestratumcorneumbarrier,where-
asinvivoresponsesmaybeelicitedduringthetransientphasebyrapiddrug
diffusionthroughshuntroutes-thisinitial,rapiddrugabsorption(beforesteady-
stateachievement)isundetectedinmanyinvitroprotocols.Notwithstanding
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theserestrictions,theinvitroexperimentaltechniquesdohaveanimportant
parttoplayindevelopmentaldermatopharmacy.Well-designedinvestigations
will,inmanyinstances,provideusefulinformationaboutthediffusivecharac-
terofamoleculeorthereleasecharacteristicsofatopicalformulation,the
acquisitionof thisknowledgebeingessentialbeforehumantrialsareinitiated.
HavingconfIrmedthenecessityfor laboratorystudies,theforegoingaccount
of invitrodiffusionsystemsexemplifiestheformidabletaskin thechoiceofa
representativemodelforpermeationstudies.Themultitudeofcellvariables,
suchastemperature,degreeandmechanismof agitation,samplingprocedure,
permeantsolubility,andthedeliveryvehicle,mustbecontrolledprecisely,
alongwiththearea,thickness,integrity,andbiologicalpropertiesofthemem-
brane(ifoneisincludedin thesystem).A designequilibrium ustbeachieved
betweenthevariablesandcontrols,sothataccuracyandprecisionaremaxi-
mized.Careexercisedinthedesignandevaluationof anewinvitrodiffusion'
cellsystemwillobviouslyenhancethecredibilityof theresultsobtained.Any
newsystem,therefore,initiallyrequiresacompleteanalysisof itsperformance
withrespecttothecommoninvitrovariables.Onlyoncethishasbeenac-
complished,andsatisfactoryesultsobtained,mayexperimentalpermeation
databereportedwithanydegreeof confidence.
Themajorproblemenvisagedwithmostof thecelldesignsi theabsence,
inadequacy,ornonuniformityof fluidagitationwithinthechambers.Other
problemsthatmaybeexperienced,butareseldommentioned,includeair
bubbleformationontheundersideof themembrane(thatmaybediffIculto
dislodgeoncethediffusionrunhasbeeninitiated),thepresenceofahydro-
staticfluidpressurethatmaycausethemembraneto'distend,andobtaining
auniformsealaroundthemembraneflange.Thefollowing,summarizedfea-
turesmaybeproposedasthoseof anidealinvitrodiffusioncellsystem:
1.Anoptimaldiffusionarea/volumeratiothatwillallowsensitivepermeant
analysisn thereceptormedium,especiallyatearlysamplingtimeswhen
permeantconcentrationsarelow. Theprovisohereisthatthediffusion
orifice,andthesurroundingmembrane-securingflange,shouldaccommo-
datethesmallestareaofbiologicaltissueusuallyobtainedbytheparticu-
larsamplingtechniquemployed.Largesheetsof syntheticmediarein
amplesupplyandwillnotdictatethediffusionareaof thecell.
2. Homogeneousfluidmixingmustbegeneratedthroughoutthechambers
(atthemembranesurface,in thebulkfluid,andwithinthesamplingarm)
andshouldbesufficientlyvigoroustominimizediffusionboundarylayers
. atthemembraneinterface.Thiswouldrequireaninternal,mechanical
mixingprocedureincontrastto simpleshakingof thecell.
3. Thecelldesignmustenhancerapidtemperatureequilibrationwithinthe
chamberssothatgradientsarenotestablishedbetweenthebulkcellcon-
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tentsandthemembraneinterface.Adequatethermalcontrolwouldprob-
ablyrequiretotalthermostaticenvelopmentof thecellchambersand
membraner gion,eitherbycompleteimmersionof thecellinawaterbath
ortotalwaterjacketingof thechambersandflange.
4. Theconformationof thediffusioncellchambersshouldbeasuniform
aspossible,withaminimumof appendagesandnophysicalconstrictions
betweentheagitatedbulkcellfluidandthemembranesurface.
S. Thesamplingport.shouldformpartof thecellbodyandshouldbeat-
tachedinsuchafashionasto facilitateadequatemixingof itscontents
withthebulkchamberfluid. Theportshouldnotcontainarelatively
largeproportionof thechamberfluidandshouldhavesomestoppersys-
temtopreventevaporationof chambercontents.A hydrostaticfluid
pressureshouldnotbegeneratedonthemembrane,andtheportshould,
ideally,allowthefacileexpulsionof anyairbubblesthatmayfo~ and
becometrappedontheundersurfaceof themembrane.
6. Thecelldesignshouldbeeasilyconstructedwithbasiclaboratorymateri-
als.Glassistheidealconstructionmaterialbecauseit isinexpensive,it is
easilyworkedintoanyidealizedconformation,it isfairlyinerttothe
normallaboratorychemicals,andit supportsrapidthermalconduction.
A totallyinertmaterialisnotyetavailable,hence,theneedforappro-
priateperformancevalidation.Carefuldesignandplanningmayincorpor-
ateotherbasiclaboratoryequipmentintothediffusioncellsystem,such
asthermostatedwaterbaths01'magneticstirrers,therebyfurthersimpli-
fyingconstructionandreducingcostwithoutsacrificingsensitivityin the
monitoringofpermeation.
7. Optimaldesignwouldalsoproduceacellthatisversatileinperformance:
onethatmaybeusedforbothsteady-stateandinvivo-mimic,ftnite-and
infmite-dosediffusionexperiments.
8. A rate-limiting,discriminatingmembraneappearsessentialfordemon-
stratingsubtledifferencesbetweenthedrugreleasecharacteriSticsof
similartopicalformulationsandforestimatingdrugabsorptionratesthat
maybeexpectedinvivo.Equally,thereceptorphaseshouldcomprise
arelativelyinnocuousolvent,butoneinwhichthepermeantissufft-
cientlysolubletofacilitatepartitioningfromthemembrane.Thismay
requiresurfactantor lipophilicadditiontoaqueousmediatoenhance
itsbiochemicalsimilarityto thephysiologicalenvironmentof theskin.
Althoughthesefeaturesmayrepresenttheidealdiffusioncelldesign,thein-
corporationofallthesefacetsintoasinglesystemmaybeimpractical;however,
asmanyaspossibleshouldbeincludedintoanycellsystemproposedforstudy.
In addition,ithasbeenestablished(BronaughandStewart,1985a,b;1986b)that
flow-throughselldesignsexhibitlittleadvantageoverstaticdesignsrelativeto
permeationkineticsobtained,if theconformation,receptormedium,andagita-
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tionof thestaticsystemshavebeenoptimized.Bearinginmindtheadditional
costofconstructionandancillaryequipmentrequiredfortheflow-throughcells,
thechoiceofastaticsystemmaybeappropriateif sufficientattentionisapplied
totheforegoingdetails.
Theongoingresearchin thisfieldwill,undoubtedly,producelaboratorysys-
temsthataremorepreciselyandaccuratelyabletosimulatethepercutaneous
absorptionexperiencedinvivo.It appearsasthoughthediversityindesignsseen
todatewillgrowasmoreresearchersembarkonthisimportantfieldofstudy,
andthisdiversityisimportantforprogressiveevolution.However,theimpor-
tanceofextensivedesignvalidationineachcasecannotbeoverstressed;onlyin
thismannermaymeaningfulcomparisonsof resultsbemade.TheFDAinter-
laboratoryinvitropermeationstudythatiscurrentlybeingundertakenunder
thedirectionof theMaibachgroupwill certainlyimproveourunderstanding
of thevariancexperiencedbetweendifferentstudygroupsand,furthermore,
maysuggestpecificfactorstobeneficiallynarrowthediversityoffuturecell
design.
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